H I G H L I G H T S
• Mulching rate of 75 g m − 2 has beneficial effects on soil and water losses.
• Straw mulch reduces the median water loss from 52.59 to 39.27%.
• Straw mulch reduces the median erosion rate from 2.81 to 0.63 Mg ha − 1 h − 1.
• Straw mulch is a sustainable management strategy in Mediterranean vineyards.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Soil erosion by water is considered one of the major threats to soil resources in Mediterranean areas due to their climatic, edaphic and geomorphologic conditions (Boardman et al., 1990; Cerdà and Doerr, 2007; Cerdà et al., 2009; Cerdan et al., 2010; Novara et al., 2011 Novara et al., , 2015 Verheijen et al., 2009 ). Rainfall-induced soil erosion risk in the Mediterranean is especially high during summer storms or the early wet season, when plant cover is low (García-Orenes et al., 2009; Taguas et al., 2015) . Soil loss is enhanced in cropped soils due to soil management and tillage practices (Blavet et al., 2009; Boardman et al., 1990; Boix-Fayos et al., 2005; Cerdan et al., 2010; Gómez et al., 1999; Vanwalleghem et al., 2011) . Indeed, this is due to several reasons such as conventional plowing, removal of the original vegetation, use of pesticides and herbicides that damage biological activity in soils (Freemark and Boutin, 1995; Johnsen et al., 2001; Pelosi et al., 2013) , low overall vegetation cover, soil compaction and sealing due to machinery traffic, depletion of organic matter and absence of soil erosion control measures (Arnáez et al., 2015; Bakker et al., 2005; Carr et al., 2015; Cerdà et al., 2009; Ciampalini et al., 2012; Cots-Folc et al., 2009; Laudicina et al., 2015; Raclot et al., 2009; Tarolli et al., 2014 Tarolli et al., , 2015 . The effect of intensive agricultural practices on soil erosion is now well known and is concerning given evidence that civilizations have collapsed throughout human history due to erosion (Brevik and Hartemink, 2010) and that erosion continues to negatively affect civilizations in all regions of the world (Brevik, 2009a; Brevik et al., 2015; Cerdà and Doerr, 2007; O'hara et al., 1993; Pimentel et al., 1987; Shi and Shao, 2000; Smith et al., 2015) . Therefore, there is a need to find best management practices that will make agriculture sustainable. Among the cultivated lands, Mediterranean vineyards are recognized to be affected by high soil erosion rates because of a combination of natural and anthropogenic factors (Brillante et al., 2015; Cerdà and Doerr, 2007; Cerdan et al., 2002 Cerdan et al., , 2010 Martínez-Casasnovas and Sánchez-Bosch, 2000; Raclot et al., 2009 ). The main reason for their high erodibility are practices that keep the soil between the vines bare during the entire year (Arnáez et al., 2007; Lasanta and Sobrón, 1988) and these bare surfaces are affected by intense storms that induce severe water erosion and runoff processes (Borga et al., 2011; Poesen and Hook 1997; Santos, 2000) . Moreover, vineyards are often planted on steep-sloping soils (Arnáez et al., 2007; Wichereck, 1993) with poor nutrient and organic matter content (Cerdà, 1996; Corti et al., 2011; Novara et al., 2011 Novara et al., , 2013 . Changes in land use and farming practices or land abandonment have also negatively affected Mediterranean vineyards (Cerdà, 1994; Porta et al., 1994; Tarolli et al., 2014 Tarolli et al., , 2015 . Vineyards represent one of the most important crops in terms of income and employment, especially for three of the world's top ten grape-producing countries found in the Mediterranean region, namely Spain, Italy and France, where the total grape area in 2009 amounted to 11,000, 8020 and 8100 km 2 and thus 2.2, 2.6 and 1.5% of the respective national land areas (Anderson and Norman, 2011) . For these reasons, adequate soil management practices are needed to contribute to a more sustainable viticulture, which includes evaluation to determine whether they are acceptable to the farmers who will have to utilize them (Galati et al., 2015; Marques et al., 2015) . The most common soil management techniques in Mediterranean countries consist of tillage (mechanical weeding) and no-tillage (chemical weeding) operations (García-Orenes et al., 2009) , and both of them generally result in bare soils during the entire year Lasanta and Sobrón, 1988; Vaudour et al., 2015) . However, alternative and more conservation-minded soil management practices have also been used like catch crops (Bonfante et al., 2015; García-Orenes et al., 2009) , mulching (Jordán et al., 2011; Costantini et al., 2015) , hydromulching (Prats et al., 2013) , geotextiles (Giménez-Morera et al., 2010) , natural grassing (Raclot et al., 2009 ) and rock fragments (Blavet et al., 2009) .
In particular, the use of catch crops, the implementation of no-tillage or reduced tillage systems, the addition of chipped pruned branches and the use of straw mulches are some of the soil management practices that have been applied on rain-fed experimental orchards in eastern Spain to reduce the high erosion rates (García-Orenes et al., 2009) . Staff of the Soil Erosion and Degradation Research (SEDER) group have been studying soil erosion processes due to agriculture and cooperating with farmers to find possible solutions to soil erosion issues in vineyards, olive groves, and fruit and almond orchards. Among the soil conservation practices that have recently been implemented, mulching has proven to be effective in reducing water and soil loss rates and improving soil condition Cook et al., 2006; García-Orenes et al. 2009; Jordán et al., 2010; Mwango et al., 2015; Mulumba and Lal, 2008; Sadeghi et al., 2015a; Tebrügge and Düring, 1999; Winteraeken and Spaan, 2010) . According to Jordán et al. (2011) , mulch is any material, other than soil, placed or left on the soil surface for soil and water management purposes. Mulching involves maintaining a permanent or semi-permanent protective cover on the soil surface that can be composed of different materials such as vegetative residues, biological geotextiles, gravel and crushed stones (Cerdà, 2001; Gilley et al., 1986; Jordán et al., 2010; Mandal and Sharda, 2013; Smets et al., 2008; Xu et al., 2012; Zhao et al., 2013) . The beneficial effects of mulching can be summarized as follows: i) increased water intake and storage (Cook et al., 2006; Mulumba and Lal, 2008) , ii) protection of soil against raindrop impact, reducing erosion rates (Blavet et al., 2009; Jordán et al., 2010; Sadeghi et al., 2015a) , iii) decreased sediment and nutrient concentrations in runoff (Cerdà, 1998; Gholami et al., 2013; Poesen and Lavee, 1991) , iv) decreased runoff generation rates and surface flow velocity by increasing roughness (Cerdà, 2001; Jordán et al., 2010) , v) improved infiltration capacity (Jordán et al., 2010; Wang et al., 2014) , vi) increased activity of some species of earthworms and crop performance (Wooldridge and Harris, 1991) , vii) enhanced soil physical conditions such as soil structure and organic content (De Silva and Cook, 2003; Jordán et al., 2010; Karami et al., 2012) , viii) reduced topsoil temperature for more optimum germination and root development (Dahiya et al., 2007; Riddle et al., 1996) and decreased evaporation (Uson and Cook, 1995) , and xix) enhanced interactions with nutrients (Campiglia et al., 2014; Movahedi Naeni and Cook, 2000) . Among the different types of mulching, straw mulch is considered one of the most effective in achieving the above-mentioned benefits (Blavet et al., 2009; Dahiya et al., 2007) . In addition, it is easy to retrieve and transport and is relatively inexpensive if used at optimum application rates. Jordán et al. (2010) found that a mulching rate of 5 Mg ha − 1 yr. −1 was sufficient to make runoff flow and sediment concentration in runoff negligible in a no-tilled Fluvisol under semiarid conditions in SW Spain. Similarly, Mulumba and Lal (2008) determined an optimum mulch rate of 4 Mg ha −1 for increasing porosity and 8 Mg ha −1 for enhancing available soil water capacity, moisture retention and aggregate stability. Although the beneficial effects of straw mulch are known, their quantification needs further research, especially within the context of rainfall-induced soil erosion in vineyards. Furthermore, the critical mulch rate needs to be established for site-specific soil and environment conditions (Mulumba and Lal, 2008) . Jin et al. (2009) suggested that the relation between mulching rate and interrill soil detachment is not unique and can vary depending on rainfall intensity. They observed that sparse straw mulching on silt loam soils might favor soil loss compared to the bare soil under certain rainfall intensities (i.e. 65 mm h
−1
). Given the importance of vineyards in the Mediterranean region, further research should be carried out to meet farmers' needs too. Indeed, it is also necessary to find the optimum mulch rate that entails reasonable expenses that farmers can afford.
Therefore, the objective of this paper is to assess the effect of barley straw mulch on soil water erosion and water losses in a vineyard in a Mediterranean area affected by intensive erosion rates under simulated rainfall.
Materials and methods
Description of the study area
The study area consists in a 25-year-old vineyard located at El Celler del Roure in Les Alcusses de Moixent, within the Canyoles river watershed in the province of Valencia (La Costera District, eastern Spain) (38°48′ 30.33″ N, 0°48′ 57.88″ O). Wine making has a long tradition in this area which can be shown to go back to 400 BC in the nearby Iberian settlement of La Bastida of the Moixent municipality. The soil in inter-rows of the vineyard is managed by using a cultivator. The parent materials in this area are Cretaceous limestones and Tertiary Marly deposits that develop Typic Xerothent soils (Soil Survey Staff, 1998) . The soils of the studied vineyards show a mean depth of 40 cm and are sandy, with 8% rock fragment content. The soils are characterized by low levels of soil organic matter (~1%) due to the millennia of agricultural use and soil disturbance (plowing), basic pH (8) and sandy soil textures in the foot-slope where the vineyards are located and, thus, the experiments were carried out. Slope angle was similar among the bare (average value of 3.3°) and straw (average value of 3.2°) plots. Climate is typical Mediterranean with 3-5 months of summer drought (June-September). Mean annual rainfall is about 350 mm yr. . Rainfall is distributed among autumn, winter and spring, with maximum peak rainfall intensities during the autumn season, when values higher than 200 mm day −1 were recorded during the last 50 years. Mean annual temperature is about 13.8°C while the hottest month (August) has average temperatures of about 23°C. Extreme storm events occur in this area, which is located about 100 km from the Mediterranean Sea. Recurrent rainfall events of more than 100 mm day −1 or 30 mm h −1 are able to induce significant soil water erosion processes (Fig. 1 ).
Materials and instruments
The rainfall simulation experiments were carried out during July 2013 under very dry soil moisture contents ranging from 4.4 to 8.3% in the top soil (0-2 cm depth). A nozzle-type rainfall simulator was used to reproduce rain storms at 55 mm h −1 rainfall intensity for one hour on 40 paired circular plots of 0.24 m 2 . The paired plots were bare ('bare'; n = 20) and covered with straw ('straw'; n = 20). The rainfall simulator used was described by Cerdà et al. (1997) , is effective in rugged terrain conditions, and has proven to give good results in semi-arid environments. Its main components consist of a nozzle, a structure to hold the nozzle, a pumping system, the connections with the water supply and a tarpaulin to protect the rainfall simulation from wind. By keeping the nozzle at about 2 m height over a plane surface, the wetted area was slightly larger than 1 m 2 . Therefore, to avoid border interference, only the 0.24 m 2 of the central part of the sprinkled area is recommended to be used for measurements. Readers are referred to Cerdà et al. (1997) and Iserloh et al. (2013) for further details (Fig. 2) . Storms similar to the ones simulated have a return period of 10 years in the study area (Cerdà, 1996; Elías and Ruiz, 1977) and are those that contribute to the majority of surface runoff and soil erosion in the study area. The barley straw cover (75 g of straw per m 2 ) was applied before the rainfall experiments at doses that provided a soil cover ranging from 48 to 90% of the soil surface area, with an average value of 62.2%. This application rate represents a reasonable and affordable expense for the farmers and, furthermore, it resulted in enough cover to protect the soil from weeds and water erosion. Barley straw was produced in nearby fields, located about 3.2 km from the study area, and transported by the farmers. The bare plots had a negligible surface cover that ranged from 0 to 4% with an average value of 0.8%. Soil surface cover was Fig. 1 . Two visual perspectives of rilling and gullying processes (white arrows) caused by a 40 mm in 30 min thunderstorm occurred in mid-June 2015 in the study area. Fig. 2 . A view of the study area, meteorological station and rainfall simulator (white arrow) (Fig. 2a) and of the circular plots of 0.24 m 2 (Fig. 2b) used for the measurement of the surface runoff and sediment yield.
determined with vertical point frames of 10 sliding pins spaced about 5 cm apart (Hofmann et al., 1983) . This led to a total of 100 points read within each 0.24 m 2 plot to discriminate between bare and straw covered soil. Erosion measurements are representative of splash and initial interill soil erosion processes and shed light about the impact on runoff initiation and sediment detachment. Detailed information on the distribution of rainfall parameters can be found in Cerdà (1996; 1997) . Overland flow from the plot areas was measured at 1-min intervals. Every tenth 1-min runoff sample was collected for laboratory analysis in order to determine sediment concentration. Runoff rates and sediment concentration were used to calculate the sediment yield, total runoff, runoff coefficient, and erosion rates. Parameters such as time to ponding (Tp), time to runoff (Tr), time to runoff-time to ponding (Tr-Tp), time to runoff in outlet (Tro), and time to runoff in outlet-time to runoff (Tro-Tr) were also analyzed through statistical tests as described below. Tp was measured when about 40% of the surface showed ponds on flat or concave microsurfaces. To ensure uniformity, one person made these assessments for all the experiments. Tr-Tp and Tro-Tr are important to understand the mechanisms of Hortonian runoff generation because they represent the delay and the velocity of the overland flow. Soil moisture was measured by means of the desiccation of soil samples collected before the simulated rainfall experiment that were dried at 105°C for 24 h. Soil samples were not taken directly from the plots, but next to them, to avoid affecting erosion processes within the plots. Sediment concentration in the runoff was calculated after the desiccation of the samples in the laboratory.
Data analysis
The normality of distribution and the homogeneity of variances of rainfall simulation data sets were checked using the Shapiro-Wilk's and the Levene's test, respectively. After the assumptions of normality or homogeneity of variances was rejected in most cases (Table 1) , non-parametric tests were used. The Mann-Whitney U test was performed to assess differences between results (Tp, Tr, Tr-Tp, Tro, Tro-Tr, runoff coefficient, total runoff, sediment concentration in runoff, sediment yield, and soil erosion) coming from 'bare' and 'straw' treatments. All statistical analyses were computed with the SPSS 23.0 software package (IBM Corp., 2015).
Results
Soil cover was 0-4% in bare plots and from 48 to 90% in straw plots. No significant differences were found between median values of organic matter content (1.02 and 0.99%) and soil water content (4.69 and 4.85%) determined in the bare and straw plots, respectively (Table 2) .
During rainfall simulations on bare plots, mean time required for ponding was 39 s, surface runoff appeared after 101.5 s and runoff in the outlet was observed after 208 s (median values; Table 3 ). The delayed times between ponding and runoff (61.5 s) and between runoff in outlet and runoff (107.5 s) were very short (Table 3) . On the contrary, straw plots showed delayed ponding (133.5 s), surface runoff initiation (208 s) and runoff in outlet (346 s). The transition from ponding to runoff in the soil surface and then to runoff in outlet was delayed 80 and 138 s, respectively (Table 3 ). The relationships between time to ponding, runoff initiation and runoff in outlet are shown in Fig. 3 . The effectiveness of straw mulching in delaying the mentioned times is shown by the fact that the points corresponding to straw mulch do not follow the 1:1 line (Fig. 3) . With respect to runoff coefficients and sediment concentrations, the application of straw mulch was revealed to be effective as well. Recorded runoff coefficients are linearly related to the proportion of soil cover in the straw plots (Fig. 4) . The application of straw mulch induced a reduction of the median value of total runoff from 7.23 to 5.40 L and of runoff coefficient from 52.59 to 39.27% (Table 4) . A significant decrease in the median value of sediment concentration in runoff flow from 9.8 to 3.0 g L − 1 was also achieved after the application of straw mulch (Table 4) . Therefore, the median value of sediment yield decreased from 70.34 to 15.62 g with a consequent reduction of the soil erosion rates from 2.81 to 0.63 Mg ha
. Sediment concentration in runoff increased with runoff coefficient in straw plots (Fig. 5) . In contrast, no significant correlation was observed between these variables in bare plots.
Discussion
The experiments carried out at El Celler del Roure in the Les Alcusses of Moixent show that the use of a straw mulch cover (75 g m 2 ) contributes to positive effects on surface runoff generation and soil loss. No significant differences between organic matter (median values 1.02% and 0.99%, for bare and straw covered soil, respectively) and water contents (median values 4.69% and 4.85%, for bare and straw soils, respectively) from soils under different treatments were found because soil plots were covered by straw just a few hours before the beginning of the experiments (Table 2) . Under low frequency-high magnitude rainfall events, such as the ones simulated here (return period of 10 years), and under dry summer conditions, the straw cover delayed the time to ponding (about 242.31%), time to runoff (about 104.93%), and time to runoff in outlet (about 66.35%). A dense straw cover protects soil from the direct impact of raindrops and contributes to increase surface roughness (Jordán et al., 2010) , that, in turn, increases time to ponding and reduces sheet flow velocity, enhancing infiltration (Giménez and Govers, 2001; Guzha, 2004) . The straw cover delayed the connectivity (Parsons et al., 2015) of the surface runoff, or at least the connectivity efficiency, as both Tr-Tp and Tro-Tr were much delayed (Table 3) .
Runoff rates were significantly reduced by the straw cover (Table 4 ). The bare plots converted 52.59% of the rainfall into runoff, while this value decreased to 39.27% in the straw plots. This is a direct effect of the straw and other organic fibers that reduced raindrop impact on the soil, delayed runoff initiation and increased infiltration. These findings were also confirmed by Döring et al. (2005) and Edwards et al. (2000) in straw-mulched potato-cropped soils, García Moreno et al. (2013) in straw-mulched fruit orchards, Jordán et al. (2010) in strawmulched fallow soils, and Cerdà et al. (2015) in persimmon plantations.
Our results confirm that straw is very efficient at reducing water losses under low frequency -high magnitude rainfall events, and we contribute to increased knowledge with the finding that straw cover can be a key factor in reducing the amount of runoff generated. Although straw mulching has significant effects on semiarid soil properties in the short (Jordán et al., 2010) and long term (García-Moreno et al., 2013) , our results show that after a recent application (so that no effects on soil physical properties exist due to the straw application) Fig. 4 . Relation between soil cover and runoff coefficient for bare and straw plots. Regression line for runoff coefficient/soil cover in straw plots is shown. SE: standard error for estimate.
Table 4
Median value and range (between parentheses) of total runoff (R), runoff coefficient (Rc), sediment concentration in runoff (Sc), sediment yield (Sy) and soil erosion (Se) for different treatments and results of the Mann-Whitney U test for differences between groups. N = 20 at each case. a straw cover was efficient at reducing soil erosion risk. Although no significant relationship has been observed between the cover and runoff coefficient in bare plots, Fig. 4 shows a clear linear relationship between the straw cover and runoff coefficient for soil plots treated with straw. However, a non-answered question emerges from our results: is a lighter straw cover as efficient? The answer will require a new experiment as little has been done to find the most efficient straw mulch cover to reduce expenses. The total amount of straw applied was about 750 kg ha −1 that resulted in an average cover of 62.2% in our experiments. This cost about 155 € ha −1
: 0.08 € kg −1 to acquire 37 bales that were about 20 kg each; 0.06 € kg −1 for transport and 0.07 € kg −1 to apply the straw. A reduction in the straw cover would reduce the expenses, but would it also be less efficient at controlling erosion and water losses? Therefore, there is a need to find a balance between the cost and the efficiency of the straw mulch cover. In this regard, there are other researchers who studied the efficiency of mulches on fire affected land and found that the mulch cover of mulches does not need to be high to be efficient (Fernández et al., 2012; Prats et al., 2014; Robichaud et al., 2013a; 2013b) . In these cases, straw mulch was confirmed to have a positive effect on water quality (Faucette et al., 2007) and the mitigation of wind-induced soil erosion (Nelson, 2002) . Low mulch cover was also found to be efficient by researchers who dealt with road embankments protection (Lee et al., 2013) , afforested land (Jiménez et al., 2013) and agricultural soils (Jordán et al., 2010) . In addition, García-Moreno et al. (2013) reported that excessive mulch rates (9-12 Mg ha −1 yr.
) may enhance runoff rates and soil erosion risk due to the development of soil water repellency.
Furthermore, there is a need to determine which type mulching is most efficient on agriculture land, on which research has been focused over the last decade (Liu et al., 2012; García-Moreno et al., 2013) . New materials are also being used in comparison with straw or in combination with it (Fernández and Vega, 2014; Mahmoud and Abd El-Kader, 2014; Moreno-Ramón et al., 2014; Tejada and Benítez, 2014) . Moreover, it is necessary to investigate the scale effect, as straw reduces the connectivity of the runoff and, therefore, this can be the key question to determine the amount of straw to be used and the way it should be applied at different scales (Sadeghi et al., 2015b) . Finally, we know that straw will have long-term impacts on soils characteristics (Edwards et al., 200; Tejada and Benítez, 2014) , soil microbial biomass (Tu et al., 2006) and macro invertebrates in vineyards (Thomson and Hoffmann, 2007) , and this will also contribute to improved soil quality and reduced soil erosion rates.
In our study, the most important impact of straw mulch was reduction of the median value of sediment concentration in runoff from 9.8 to 3.0 g L −1 (Table 4) in the bare plots versus straw plots. Again, there was a clear relationship between straw cover and sediment concentration that confirms that straw mulch can be a sustainable management strategy in vineyards located in semiarid areas and can immediately reduce the high erosion rates of vineyards. However, more research should be carried out in other vineyards to better understand whether a standardized straw mulch application rate exists, and consequently the ideal mulch cover that can lead to a balance between tolerable soil erosion rates and expenses. To this purpose, researchers should be at farmers' disposal to find out the best possible sustainable solutions. We stress here that the effect of the straw on runoff and soil loss control was immediate. This then is a quick and efficient strategy to reduce soil losses and increase infiltration. The straw should also have a positive effect on soil quality as it will improve soil organic matter, soil biological activity and infiltration rates (Brevik, 2009b; Lieskovský and Kenderessy, 2014; Mahmoud and Abd El-Kader, 2015; Mwango et al., 2015) .
Conclusions
This research demonstrated that under low frequency-high magnitude rainfall events in Mediterranean vineyards a barley straw cover of about 59% (median value) applied at a rate of 750 kg ha −1 resulted in delayed times to ponding, runoff and runoff in outlet. In addition, it contributed to a reduction of i) surface runoff rates from 52.59% (bare) to 39.27% (straw), ii) sediment concentration in runoff from 9.8 to 3.0 g L −1 and iii) soil loss rates from 2.81 to 0.63 Mg ha
. This reduction of soil and water losses was reached immediately after the straw application. Barley did not grow in the same field where our plots were located, rather it was produced in the nearby fields, mulched and then transported. This entailed a cost that farmers had to bear, however, based on the results obtained, straw mulch was confirmed to be a relatively inexpensive and effective soil conservation practice that can be adopted by winegrowers to reduce the high erosion rates in semiarid areas.
